Introduction
Copper(I)-polypyridyl complexes have attracted a lot of recent interest as alternatives to Ru(II)-polypyridyls in photophysical and photoelectrochemical applications, particularly due to their 5 ease of synthesis, their low toxicity, and the high abundance of copper in comparison with 2 nd or 3 rd row transition metals. This has led to use of such species in Organic Light Emitting Diodes (OLEDs), 1-3 light-emitting electrochemical cells (LECs) 4, 5 and Dye Sensitised Solar Cells (DSSCs). 6-18 10 Copper(I)-polypyridyl complexes can display long-lived metal-to-ligand charge transfer (MLCT) excited states due to the d 10 configuration, which avoids low-lying metal d-d states that might cause non-radiative decay. However, conformational change of the complex following MLCT excitation may lead to 15 rapid non-radiative decay, 19, 20 and similarly, conformational change following Cu(I)/Cu(II) oxidation leads to slow electron transfer. To achieve Cu(I) complexes suitable for photoelectrochemical applications, this must be prevented by ligand design. 21 Typically addition of bulky substituents in the 20 6,6'-positions of bipyridine or 2,9-positions of phenanthroline will minimise the conformational change and maintain the pseudo-tetrahedral geometry. Another method is to have a large ancillary ligand to enhance steric rigidity. 6-9, 11, 20, 22. For solar energy applications, chromophoric ligands are 25 attractive to enhance light harvesting. The BODIPY dye family has been widely studied as they are highly fluorescent; soluble in most organic solvents; they have a narrow emission bandwidth; are highly photostable; and have a relatively long-lived excited state. [23] [24] [25] This makes them ideal candidates in a wide range of 30 applications such as biofluorescent probes, photosensitisers or pigments for dye lasers. [24] [25] [26] In this context, dipyrromethene (hereafter dipyrrin) species, that form the delocalised framework of BODIPYs, have been used as ligands for a range of metals such as Pt(II), 27 Cu(II), 28 35 Ru(II), 29 Ir(III), 30 Zn(II) 26 and more recently Cu(I). 31 The unsubstituted parent compound is unstable, 32, 33 however stability is enhanced by adding groups at the meso-position and 1,9-positions to block nucleophillic or electrophillic attack.
Generally, dipyrrins have been used to form divalent or 40 trivalent homoleptic complexes, with limited reports of heteroleptic species. A recent report described the first synthesis of heteroleptic Cu(I) dipyrrin complexes with phosphine ancillary ligands, and concluded that the low energy absorption and emission bands were intraligand charge transfer and thus the 45 complex displayed fluorescence rather than phosphorescence. 31 Teets et al reported the first neutral Cu(I) complex of the related azadipyrromethene complex, 34 which was weakly luminescent at room temperature.
Given 35 4,4'-6,6'-dimethyl-2,2'-bipyridine (tmbpy), 36 4,4'-dicarboxy-6,6'-dimethyl-2,2'-bipyridine (dmdcbpy), 9, 37, 38 1,3,7,9-tetramethyldipyrromethene (HL1.HCl), 39 and 1,13-diphenyl-6,8-diisoindolemethene (HL2), 40 were carried out according to literature procedures. 4,4'-(CO 2 Et)-80 6,6'-dimethyl-2,2'-bipyridine (dmdecbpy) was synthesised by adapted literature procedures. 8 1,13-diphenyl-3,11-di(trifluoromethyl)-6,8-diisoindolemethene (HL3) is a novel ligand adapted from literature methods for related species (see ESI † for procedure) [40] [41] [42] All other chemicals were purchased from 85 Sigma Aldrich, VWR, Fischer Scientific, Merck and used as received, except for 2,4-lutidine which was purified further by vacuum distillation. All UV/Vis spectra were recorded using a JASCO V-670 series spectrophotometer and the data collected using Spectra 5 Manager™ II software. Emission spectra were recorded at room temperature and 77 K in ethanol, using a Fluoromax2 fluorimeter controlled by the ISAMain software. Electrochemical studies were recorded using the General Purpose Electrochemical System (GPES) software that was connected to an Autolab system 10 containing a PGSTAT 30. The technique comprised a Pt disk working electrode, a Pt rod counter electrode, and an Ag/AgCl reference electrode. The data collected were standardised against ferrocene/ferrocenium (measured at +0.507 V), 43 and adjusted for NHE (addition of 0.23 V to Ag/AgCl values). The supporting 15 electrolyte was 0.1 M tetrabutylammonium tetrafluoroborate in acetonitrile.
Theoretical calculations were performed using the functional B3LYP, and the basis set LANL2DZ, to describe the copper atom and all other atoms were described by 6-31G*. [44] [45] [46] [47] The initial 20 structure was computed using Avogadro software 48 and frequency calculations were generated from the optimised geometry. Time-dependent density functional theory (TD-DFT) calculations were carried out using an acetonitrile polarisable continuum model and seventy singlet-singlet transitions were 25 calculated using the optimised geometry. 
Synthesis of Cu(L1)(tmbpy): (1)
[
Synthesis of Cu(L3)(tmbpy): (4)
[Cu(CH 3 CN) 4 ][BF 4 ] (23 mg, 0.07 mmol), HL3 (40 mg, 0.07 mmol) and 1M NaOH (0.07 mL) were added to degassed acetone (10 mL) and stirred at room temperature, under nitrogen, for 15 85 mins. Tmbpy (16 mg, 0.07 mmol) was added and the solution was stirred for a further 1.5 hours. The mixture was filtered and the solvent was removed under reduced pressure. The purple solid was washed with water and dried. The solid was purified by washing with toluene to filter off the impurity (Cu(tmbpy) 2 
Synthesis of Cu(L3)(dmdecbpy): (5)

100
[Cu(CH 3 CN) 4 ][BF 4 ] (20 mg, 0.07 mmol), HL3 (35 mg, 0.07 mmol) and 1M NaOH (0.07 mL) were added to degassed acetone (10 mL) and stirred at room temperature, under nitrogen, for 15 mins. Dmdecbpy (21 mg, 0.07 mmol) was added and the solution 105 was stirred for a further 1.5 hours. The mixture was filtered and the solvent was removed under reduced pressure. The purple solid was washed with water and dried. The solid was purified by washing with toluene to filter off the impurity (Cu(dmdecbpy) 2 25 into the hole and the hole was sealed by Bynel and a cover glass. Current-voltage behaviour of the cells was determined using a Sciencetech solar simulator equipped with an AM 1.5G filter, calibrated to 100 mWcm -1 using a silicon photodiode. The electrolyte used was 0. 
Results and Discussion
35
Syntheses
Copper(I) dipyrrin complexes were synthesised at room temperature via a simple one-pot method (Fig. 2 ) using 40 stoichiometric quantities of ligands and base (to deprotonate the free dipyrrin ligand). The reaction was carried out under nitrogen to minimise oxidation to copper(II). Further purification was achieved by Sephadex column where necessary (3 -5). The complexes were characterised by 1 H NMR, ESI-MS and 45 elemental analysis, confirming the proposed structures. In the case of 4 and 5, only NMR characterisation was possible due to difficulties in obtaining sufficient yield (4) and residual ligand impurities (5) . Clearly, complex formation with the new ligand L3 has proven difficult, however we include 4 and 5 in the study 50 as they have the greatest relevance to DSSC application and the in situ dye assembly described later. 
Stability and reproducibility
Copper(I) complexes are extremely labile which accounts for the common reproducibility problems for heteroleptic species. 12, 49, 50 During the reaction, ligands will continually exchange with other 60 ligands in solution, giving rise to a mixture of products, unless one is more favoured due to steric constraints or binding energies. The stability of complexes 1-3 in solution was explored via 1 H NMR at varying time intervals; 0, 7 and 17 days. The stability of 2 is shown in Fig.3 . After seven days, there is a slight change in the intensity of the peak at 7.31 ppm, representing the phenyl group on the dipyrrin ligand (red box), which became more noticeably different after 17 The spectra of all ligands and complexes display the Increasing the conjugation of the dipyrrin backbone for HL2 results in a red shift of the π-π* transition from 464 nm 15 (HL1.HCl) to 584 nm, and a decrease in the intensity and broadening of the band, possibly due to phenyl rotation. Generally, increasing conjugation will reduce the HOMO-LUMO gap of the ligand hence lower the energy of the π-π* transition. Adding electron-withdrawing groups (CF 3 ) to the dipyrrin (HL3) 20 resulted in a slight blue shift in comparison to HL2.
Complexes 2 and 3 show very similar spectroscopic properties, with the main visible band around 600 nm, a slight red-shift from the free ligand. A slight red-shift and intensity difference between 2 and 3 is due to a change in substituents on bipyridine. 25 Theoretically, increasing the electron-withdrawing character (methyl to an ester) will shift the MLCT absorption band to lower energies, and can also enhance the charge transfer character of the low-energy transitions where these involve orbitals on the bipyridine ligand. Complex 4 shows similar absorption values to 30 HL3 (570 nm), although the intensity is greater. Table 1 and compared with data for the free dipyrrin ligands. All of the complexes emit at a comparable energy to their respective free dipyrrin ligands and at room temperature, the emission maxima and the shape of the band for complexes 2, 3 and HL3 are all very similar. These 10 observations suggest that the copper or bipyridine orbitals are not significantly involved in the transition. This is often seen in literature for dipyrrin complexes, or other highly chromophoric, conjugated ligands, 31, 52 where the photophysical behaviour derives solely from the ligand orbitals. The excitation data for 15 complex 4 correlate well with the absorption and are very similar to the uncomplexed ligand HL3, which further supports the conclusion that the emissive behaviour derives from the dipyrrin. Complexes 1 -3 show λ max (excitation) values at higher energy than the maxima in their respective absorption spectra. 20 Complexes 2 and 3 both display higher-energy emission when frozen, suggesting a significant degree of structural relaxation of the molecule after excitation that is prevented in the rigid matrix (77 K). In addition to this, the change in solvent (ethanol, acetonitrile and DCM) does not have a significant effect on the 25 position and shape of the absorption and emission spectra, only in the intensity (ESI †). This implies that there is weak polarisation between the ground and excited states, supporting the assignment of the transition as ligand centred rather than charge transfer. 40 Time-resolved fluorescence was used to measure the lifetime 30 of complex 3 and ligand HL2, selected as representative samples that gave sufficient signal with the excitation laser wavelength available (shortest = 486 nm). The average excited-state lifetime observed for HL2 and 3 are similar, with that of the complex being slightly longer. In keeping with the steady-state 35 measurements, this similarity and also the nanosecond timescale, suggest that emission can be assigned as 1 (π-π*) fluorescence from the dipyrrin centre and not 1 MLCT or 3 MLCT. Dipyrrin centred intraligand charge transition was also reported in literature for copper(I) complexes with phosphine coligands. The redox potentials for free ligands and complexes are summarised in Table 2 . Although the poor purity of 5 prevented its inclusion in the spectroscopic study, it has been included here 50 since minor impurity peaks in the electrochemical data can be readily identified and neglected. The reduction potentials reported for each complex can be assigned as bipyridine ligand based, although possibly also with some dipyrrin character in the case of 1 as suggested by 55 computational work (vide infra). Complex 2 and complex 3 both display a similar oxidation potential attributed to the Cu(dipyrrin) fragment which remains unchanged between them. The irreversible character of these precludes interpretation of the subsequent oxidation processes. In the context of DSSC Generally the redox processes for copper(I) complexes are not chemically reversible as observed here. 54 Increasing the conjugation of the dipyrrin ligand red shifts the 5 absorption, improving light harvesting. However, the complex becomes too easily oxidised. One method to resolve this is to add electron-withdrawing groups to dipyrrin structure, such as CF 3 , CN, or NO 2 groups. This was the strategy behind the synthesis of HL3, 4 and 5 and indeed we observed a shift in oxidation 10 potentials to more positive values.
Computational and Electronic Properties of Molecules
The experimental and calculated UV-Vis spectra for 1-3 are 15 shown in Fig. 6 . The calculated results are qualitatively comparable to experimental data, although with some differences in the exact energy of the visible transitions. For 1, the lowest energy transition calculated at 581 nm represents MLCT from copper centre to either bipy or dipyrrin ligand, which is typical 20 for heteroleptic copper(I) complexes. 33 The LUMO and subsequent levels are localised on dipyrrin and bipy as both ligands show similar electron-donating and withdrawing abilities and therefore one is not predominantly favoured over the other. Notably, the HOMO of 1 is calculated to have dominant Cu 25 character in contrast to 2 and 3 where the HOMO is calculated to be almost entirely dipyrrin based. The dominant absorption feature in the visible spectrum, calculated at 399 nm, is shown to be predominantly ligand-centred on dipyrrin.
Complex 2, which features the same bipyridine moiety as 1, 30 but more conjugated dipyrrin, showed a similar LUMO. The minimal electron-withdrawing functionality on the bipyridine positions these orbitals higher in energy such that the LUMO is localised on dipyrrin whereas the LUMO+1 is localised on bipy. TD-DFT data suggest the low-energy visible transition has a high 35 contribution of ligand-centred character instead of charge transfer, suggesting that the metal centre does not significantly affect the absorption properties of the complex. This supports experimental data such as fluorescence with a short lifetime instead of phosphorescence and the ease of oxidation compared 40 with 1. For 3, the main visible absorption band shows a high contribution of copper-to-bipy (MLCT) transition and a small contribution localised on dipyrrin ligand (27%). A weak MLCT band is predicted at 744 nm, however with very low oscillator 45 strength such that this band not observed in the experimental data. Table 3 indicates that the LUMO is now localised on the bipyridine ligand and the LUMO+1 is localised on the dipyrrin instead of the other way around for complex 2. This is due to electron-withdrawing ester groups on bipyridine. 
In-situ Solar Studies
5
The above studies included bipy ligands with carboxylic ester groups as these give information on the spectroscopic and electrochemical properties of dyes (3 and 5) appropriate for use as DSSC sensitisers. For solar cell fabrication however, dyes with 10 acid, rather than ester functionality, are required and we experienced synthetic difficulty in the isolation of heteroleptic complexes consisting of an acid-bipy and dipyrrin ligand, due to the ease of deprotonation and reprotonation of dipyrrin. In-situ methods, based on the procedure of the Constable group, 12, 13 15 were therefore adopted to enable solar cell performance of these dyes to be assessed without the need to isolate the acid complexes.
The electrochemical properties indicate that 3 is too easily oxidised, such that it is poorly designed for use in DSSC with the 20 
I
-/I 3 -electrolyte. Complex 4 was designed to contain additional electron-withdrawing groups (CF 3 ) which results in a 0.07 V shift in oxidation potential to more positive values and 5 shows a further 0.14 V shift in oxidation potential. This suggests dye regeneration may be possible if the copper sensitiser features a 25 dipyrrin with CF 3 groups. The method is shown in Fig. 7 . Table 5 reports the efficiency data of the best cells. is indicative of coordination occurring on the surface of TiO 2 . For comparison, a reference cell was also prepared using the known homoleptic copper(I) dye (Fig. 8) . The solar cell construction was explored (ESI †) via changes in (i) the solvent system, (ii) introducing either a [Cu(II)(dipyrrin) 2 ] homoleptic dye or Cu(I) salt as the copper source, and (iii) addition of base to deprotonate the dipyrrin prior to coordination. 5 Changes in solvent system can affect the overall efficiency of the solar cell. For instance, dichloromethane or acetonitrile were used to dissolve the copper salt and dipyrrin. If dichloromethane were used in the dye bath the photocurrent was lower and the photovoltage was higher than if acetonitrile were used. This could 10 suggest the energy of the acceptor states in the TiO 2 is higher for the DCM cell, affecting charge injection and reducing the photocurrent of the cell.
One method adopted to instigate ligand exchange whilst in solution used a homoleptic [Cu(II)(dipyrrin) 2 ] species. Several 15 attempts were made to reduce the copper in-situ; Zn/Hg, NaBH 4 or methanol as the reducing agent. The most successful attempt used methanol. The colour change on the surface was either deep red or deep yellow, which is indicative of surface bound dye. However, the photocurrent voltage results were lower than using 20 a copper(I) species as the starting reagent.
The following remains low, we have demonstrated the concept of using a chromophoric ancilliary ligand on a heteroletic Cu(I) complex to enhance light harvesting. We hope this will stimulate further molecular design in the active field of DSSC sensitisers based on earth-abundant elements. 
